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ABSTRACT
The effects of large-scale landsliding on the continental-scale Colorado River
system in Grand Canyon remain poorly understood. This paper describes deep-seated
bedrock landslides in the Surprise Valley area by combining detailed mapping, volumebalanced cross-sections, strath terrace heights, and cosmogenic burial dating of river
deposits buried by landslides. Mapping shows failures involving ~1000 m Paleozoic
section localized within basal shale detachments, dammed and diverted the Colorado
River and local tributaries, and forced the creation of epigenetic gorges. Restored crosssections show pre-existing paleotopography in Surprise Valley possibly created by an
older, through-flowing Colorado River. Two individual landslide segments dated to ~1
Ma with large errors via cosmogenic burial age dating. Detachment height, long-term
bedrock incision rates, and structural relationships suggest major failures events occurred
at 3 Ma, 1 Ma, <<1 Ma. Paleotopography, groundwater, and bedrock incision likely
drove landsliding rather than lava-dammed lakes downstream based on geochronology.
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Chapter 1
Introduction

Landsliding	
  is	
  a	
  significant	
  erosional	
  process	
  in	
  all	
  high	
  relief	
  landscapes	
  and	
  
in	
  landscapes	
  where	
  dissection	
  by	
  streams	
  creates	
  over-‐steepened,	
  unstable	
  
hillslopes	
  (Korup,	
  2006;	
  Ouimet,	
  Whipple,	
  Royden,	
  Sun,	
  &	
  Chen,	
  2007).	
  Much	
  
previous	
  work	
  addresses	
  landslides	
  sourced	
  from	
  highly	
  fractured	
  bedrock	
  in	
  
rapidly	
  uplifting,	
  deeply	
  dissected	
  mountainous	
  landscapes,	
  and	
  has	
  focused	
  on	
  the	
  
influence	
  of	
  large	
  landslides	
  on	
  river	
  longitudinal	
  profiles	
  (Ouimet	
  et	
  al.,	
  2007;	
  
Korup,	
  2006;	
  Larsen	
  and	
  Montgomery,	
  2012;	
  Walsh	
  et	
  al.,	
  2012),	
  seismic	
  triggering	
  
(Keefer,	
  1984;	
  Malamud	
  et	
  al.,	
  2004;	
  Tang	
  et	
  al.,	
  2009;	
  Chigira	
  et	
  al.,	
  2010),	
  failure	
  
modulated	
  by	
  increased	
  pore	
  fluid	
  pressure	
  (Coe	
  et	
  al.,	
  2003;	
  Schulz	
  et	
  al.,	
  2012),	
  
and	
  landslide	
  dam	
  stability	
  (Costa	
  and	
  Schuster,	
  1988;	
  Costa	
  and	
  Schuster,	
  1991;	
  
Korup,	
  2002;	
  Xu	
  et	
  al.,	
  2009;	
  Zhou	
  et	
  al.,	
  2012).	
  Korup	
  (2005)	
  showed	
  that	
  large	
  
high-‐frequency	
  landsliding	
  in	
  some	
  settings	
  can	
  exert	
  first-‐order	
  control	
  on	
  channel	
  
morphology	
  and	
  river	
  profile	
  by	
  causing	
  upstream	
  lake	
  impoundment,	
  
fluvial/lacustrine	
  aggradation,	
  secondary	
  landsliding,	
  downstream	
  discharge	
  
reduction,	
  and	
  catastrophic	
  outburst	
  flooding.	
  If	
  large	
  landslide	
  dams	
  are	
  emplaced	
  
frequently	
  and	
  remain	
  stable	
  for	
  103-‐104	
  year	
  timescales,	
  they	
  may	
  impact	
  fluvial	
  
processes,	
  preserving	
  landslide	
  effects	
  both	
  upstream	
  and	
  downstream	
  of	
  landslide	
  
dam	
  sites.	
  Unstable	
  dams	
  may	
  pose	
  a	
  hazard	
  to	
  people,	
  property,	
  and	
  businesses	
  
which	
  rely	
  on	
  river	
  water	
  (Korup,	
  2005;	
  Ouimet	
  et	
  al.,	
  2007).	
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To	
  amplify	
  the	
  above	
  studies,	
  Grand	
  Canyon	
  provides	
  a	
  world-‐class	
  field	
  

laboratory	
  for	
  understanding	
  and	
  interpreting	
  deposits	
  resulting	
  from	
  deep-‐seated	
  
bedrock	
  landslides	
  in	
  steep-‐walled	
  canyons	
  carved	
  into	
  flat	
  lying	
  sedimentary	
  rocks.	
  
Here,	
  the	
  continental-‐scale	
  Colorado	
  River	
  has	
  carved	
  a	
  1.6-‐km-‐deep	
  gorge	
  through	
  
rock	
  layers	
  that	
  include	
  resistant	
  limestone	
  and	
  sandstone	
  cliffs,	
  shale	
  dominated	
  
slopes,	
  and	
  crystalline	
  basement	
  rocks.	
  Continuing	
  debates	
  about	
  the	
  incision	
  
history	
  of	
  Grand	
  Canyon	
  notwithstanding	
  (cf.	
  Wernicke,	
  2012;	
  Karlstrom	
  et	
  al.,	
  
2014),	
  there	
  is	
  no	
  doubt	
  that	
  landsliding	
  has	
  played	
  a	
  role	
  in	
  this	
  incision	
  history	
  
(P.W.	
  Huntoon,	
  1975).	
  	
  
The goal of this paper is to investigate the circumstances that lead to bedrock
landsliding and understand their impact on the Colorado River within Grand Canyon. The
foci of this study are the landslides that involved river-damming events (type C of Fig. 1).
These failures filled and diverted the Colorado River in Grand Canyon and are best
preserved in the Surprise Valley area. We present cosmogenic burial age dates on river
straths and headscarp basins sediments related to landslide emplacement. This paper
documents each landslide’s structural character and relationship to associated river and
tributary deposits, establishes landsliding events in relative chronologic order and by
absolute dates, explores causal mechanisms for the landslides, and discusses the
interaction of landsliding and canyon incision.
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Chapter 2
Background and Previous Work

Figure 1 shows distribution of various types of landslides in the Grand Canyon
region. Different settings of bedrock mass wasting identified in the Grand Canyon region
(Fig. 1) include A) monoclinal decapitation, B) cliff-edge, and C) river damming events.
Monoclinal decapitations (inset A, Fig. 1) occur where over-steepening of a monoclinal
limb reduces slide resistive forces; one example is located southeast of Grand Canyon at
Coconino Point where a slab of Permian Kaibab Limestone detached from the upthrusted monoclinal limb along bedding and came to rest on the Triassic Chinle
Formation (location A1 of Fig. 1; Billingsley et al., 1985). Another more degraded form
of this type of landslide may be present on top of Nankoweap Mesa in eastern Grand
Canyon (location A2 of Fig. 1; Billingsley et al., 1985). Cliff-edge landslides (inset B,
Fig. 1) are characterized by back-rotation of relatively intact strata and occur where
competent strata overlie weaker rocks such as shales of the Bright Angel, Hermit, and
Chinle Formations (Fig. 1); these slides are commonly referred to as “Toreva blocks”
after their type locality on Arizona’s Hopi Reservation (Reiche, 1937). Widespread cliffedge slides are documented along the Vermillion Cliffs (location B1 of Fig. 1) as well as
surrounding Tertiary and younger lava flows above the canyon rim (location B2 of Fig. 1;
Davis, 1901; Reiche, 1937; Strahler, 1940; Billingsley and Wellmeyer, 2003; Billingsley
et al., 2006). Some workers have speculated that these slides occurred during periods of
wetter climate when groundwater could lubricate or further weaken basal shales (Reiche,
1937; Strahler, 1940), although the effect of vegetation armoring of shale slopes during
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Figure 1. Digital elevation model of the Grand Canyon showing mapped landslides
and weak shales. White and black shades on DEM background represent high and low
elevations, respectively. Circles show locations of major Toreva-style bedrock slumps
and slides, colored by landslide type/setting. Black stars show locations of ~800-100 ka
lava flows/dams at Toroweap and Whitmore Wash between RM 177-188 and furthest
downstream flow remnant at RM 256 (Lava Cliff). Purple lines represent outcrops of
river anticlines along the Colorado River in the Muav Gorge segment. Inset map shows
Colorado Plateau physiographic province with major river drainages, state boundaries,
and Figure 1 area; Schematic diagrams of landslide types including A) monoclinal
decapitation, B) cliff edge, and C) river-damming. Red polygons represent mapped
landslides while yellow, blue, and green polygons show shale exposures.
wetter times might be a competing influence (Anders et al., 2006; Pederson et al., 2006).
In the Muav Gorge, river anticlines (yellow, Fig. 1) demonstrate the interaction between
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canyon carving and shale deformation (Sturgul and Grinshpan, 1975; Collier, 1978;
Huntoon and Elston, 1979; Hereford and Huntoon, 1990), although these remain undated.
Some published regional bedrock mapping studies do not differentiate
rotational/translational bedrock slumps/slides from a range of talus, rock glaciers, and
rock-fall debris (G. Billingsley, 2000). However, more recent mapping shows the extent
of mantled slopes in the Hermit Formation and emphasize the growing importance of
surficial deposits to the understanding Grand Canyon’s evolution and paleoclimate
oscillations (Billingsley and Priest, 2013).
River-damming landslides (inset C of Fig. 1) were first documented by Reiche
(1937) in eastern and central Grand Canyon. Descriptions of the Carbon Butte (location
C1 of Fig. 1) and Surprise Valley area (location C2 of Fig. 1) landslides were improved
by Ford and Breed (1970), Huntoon (1975), and Savage (2002). Within the general area
of Surprise Valley in central Grand Canyon, Huntoon (1975) and Savage (2002)
identified 3 main geographic areas where bedrock slumps and/or slides occurred: 133Mile, Surprise Valley (SV), and Deer Creek (DC); they documented up to 6 individual
damming and river re-routing events and hypothesized a wide range of ages from the
individual events based on their heights above modern river level and available bedrock
incision rates. Savage (2010) highlighted various observations fueling the debate
concerning involvement of Cogswell Butte (whether it has moved or not). Elston (1989)
introduced the idea that deposits near river mile 136, referred to by this study as Poncho’s
(shortened from Poncho’s Radical Runup of Warme, 2010), involved cross-canyon runup
landsliding based on the observation that a brecciated Rampart Cave member dolomite
slab rested above its intact equivalent on the canyon’s south wall. In western Grand
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Canyon, several 1000+ m-thick block landslides have been documented along the
Hurricane fault corridor between river miles (RM) 206 to 224 (location C3 of Fig. 1;
Billingsley et al., 2006). Until recently, no absolute ages for any events have been
presented in the literature, making causation and influence on river incision more difficult
to evaluate.
Past studies highlight discussion of landsliding triggering mechanisms. One
postulated key factor in landslide localization is the presence of Cambrian Bright Angel
Shale, which has been exposed by Colorado River incision in both eastern and western
Grand Canyon without producing similar landslide complexes (polygons, Fig. 1).
Hereford & Huntoon (1990) argued that eastward coarsening of the Bright Angel Shale
inhibited this type of mass wasting along the Marble Canyon section of eastern Grand
Canyon. The only major example, the Carbon Butte landslide, rests west of the Butte
fault and does not dam the Colorado River or tributaries but was far traveled and came to
rest on weak Galeros Formation shales of the Chuar Group within existing
paleotopography (Ford and Breed, 1970). Hamblin (1994) postulated a causative link
between lava dams downstream (mainly between RM 178-188, see Fig. 1) and landslide
activity in the Surprise Valley area of central Grand Canyon, positing that lava dams
created extensive lakes that might have destabilized upstream canyon walls. The
connection was based largely on existing geochronology as K-Ar ages for lava dam
remnants that gave ages up to ~1.5 Ma (Dalrymple & Hamblin, 1998; Hamblin, 1994; E.
D. McKee, Hamblin, & Damon, 1968), but until recently, the age of the Surprise Valley
area’s landslides were unknown. Subsequent studies have not supported Hamblin’s
proposed lake deposits in eastern Grand Canyon (Kaufman, O’Brien, Mead, Bright, &
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Umhoefer, 2002) and the lave dam connection, while not eliminated, is not strongly
supported by existing geochronology (Crow et al., 2014 and see below).
To	
  amplify	
  the	
  above	
  studies,	
  Grand	
  Canyon	
  provides	
  a	
  world-‐class	
  field	
  
laboratory	
  for	
  understanding	
  and	
  interpreting	
  deposits	
  resulting	
  from	
  deep-‐seated	
  
bedrock	
  landslides	
  in	
  steep-‐walled	
  canyons	
  carved	
  into	
  flat	
  lying	
  sedimentary	
  rocks.	
  
Here,	
  the	
  continental-‐scale	
  Colorado	
  River	
  has	
  carved	
  a	
  1.6-‐km-‐deep	
  gorge	
  through	
  
rock	
  layers	
  that	
  include	
  resistant	
  limestone	
  and	
  sandstone	
  cliffs,	
  shale	
  dominated	
  
slopes,	
  and	
  crystalline	
  basement	
  rocks.	
  Continuing	
  debates	
  about	
  the	
  incision	
  
history	
  of	
  Grand	
  Canyon	
  notwithstanding	
  (cf.	
  Wernicke,	
  2012;	
  Karlstrom	
  et	
  al.,	
  
2014),	
  there	
  is	
  no	
  doubt	
  that	
  landsliding	
  has	
  played	
  a	
  role	
  in	
  this	
  incision	
  history	
  
(P.W.	
  Huntoon,	
  1975).	
  	
  
The goal of this paper is to investigate the circumstances that lead to bedrock
landsliding and understand their impact on the Colorado River within Grand Canyon. The
foci of this study are the landslides that involved river-damming events (type C of Fig. 1).
These failures filled and diverted the Colorado River in Grand Canyon and are best
preserved in the Surprise Valley area. We present cosmogenic burial age dates on river
straths and headscarp basins sediments related to landslide emplacement. This paper
documents each landslide’s structural character and relationship to associated river and
tributary deposits, establishes landsliding events in relative chronologic order and by
absolute dates, explores causal mechanisms for the landslides, and discusses the
interaction of landsliding and canyon incision.
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Chapter 3
Methods

Fieldwork for this study included mapping of landslide stratigraphy and fluvial
deposits, identifying and measuring strath and fill terrace heights, and geochronologic
sample collection. Mapping was carried out on 6 research trips between May 2012 and
May 2014, 4 via river access and 2 via foot access along the Bill Hall/Thunder River
Trail from the North Rim. Base maps utilized for field mapping include historical
1:24000 USGS topographic maps available from the USGS’s National Map Viewer and
2007 National Agricultural Imagery Program (NAIP) ortho-imagery with 6 m horizontal
accuracy. Colorado River terraces are differentiated by the presence of far-traveled
Colorado River gravels (e.g. Precambrian quartzite, San Juan volcanics, and Henry
Mountain porphyry), which are easily distinguished from tributary terraces composed
exclusively of locally derived Proterozoic and Paleozoic clasts. Strath and fill terrace
heights were measured by laser rangefinder relative to near-by modern river water level,
or tributary water level, and are reported as either above river level (ARL) or above
tributary level (ATL). Elevations, where applicable, are reported as height (m) above sea
level (ASL). We follow the method of Crow et al. (2013) for incision rate and age
calculations and assume modern river strath depth to be ~25 m, corroborated by the depth
of deepest pools and also by drilling at several potential dam sites in Grand Canyon
(Hanks & Webb, 2006; Karlstrom et al., 2007). As most of the major tributary streams in
Grand Canyon converge at grade with the Colorado River, both main stem and tributary
incision rates are equivalent near their confluence. Thus, we consider paleo-tributary
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strath heights above the modern tributary profile to be approximately correlated with
paleo-main stem straths above the modern river. For inaccessible gravel deposits, strath
height estimates were extracted from high-resolution aerial LiDAR surveys conducted by
Grand Canyon Research and Monitoring Center (GCMRC) where available. By
convention outcrop locations are presented by river mile (RM) or distance downstream
from Lee’s Ferry of Stevens (1983) with L and R corresponding to the left and right
banks or canyon walls, respectively, as looking downstream.
The absolute age of landslides is determined via cosmogenic burial age dating on
amalgamated sands. River gravel and sand samples from main stem terraces preserved
beneath 2 different landslide segments as well as the coarse fraction of headscarp basin
deposits in Surprise Valley were collected for a total of four geochronologic locations in
the Surprise Valley area. All samples were processed at Purdue University’s PRIME Lab
to obtain burial ages. Main stem terrace burials at Piano slide and Poncho’s were reported
by Crow et al. (2014) but new dates for Surprise Valley closed-basin sediments have not
be previously reported. Cosmogenic burial age dating is based on the principle that 10Be
and 26Al accumulate in quartz because of collisions with secondary cosmogenic particles
near the Earth’s surface and evolve toward a 10Be/ 26Al ratio of 6.75/1 (Granger, 2006). If
a well-dosed quartz sample is buried and effectively shielded from cosmogenic particles,
the production of cosmogenic 10Be and 26Al ceases, and these radioactive nuclides begin
to decay at two different rates. By measuring the decayed 10Be/ 26Al ratio, it is possible
to calculate when the sample became effectively shielded, thus determining the age of the
landslide that buried the sample. All cosmogenic ages are calculated assuming
instantaneous burial, effective and continuous and sufficient shielding by at least 10 m of
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cover, and recent exposure. Crow et al (2014) reported two gravel samples from
Colorado River terraces buried by the Piano and Poncho’s landslides, reinterpreted here
in the context of bedrock landsliding. In cases where shielding is incomplete (e.g. our
newer lake sediment samples) post-burial production convolves with nuclide decay and
such “mixed” production and decay of nuclides results in non-unique mixing. However,
model assumptions can be applied and tested by future work using depth profiles or
cosmogenic burial isochrons where the Y-axis is the post-burial production (Granger,
2006).
Volume-balanced cross-sections were used to reconstruct pre-landslide
paleotopography and slide volumes were reconstructed by using the stratigraphic
thicknesses of Billingsley and Beus (1989) reported for RM 140, shown by Figure 2. This
volume-balancing method is made possible by identification and restoration of key
stratigraphic marker beds throughout the field area. These marker beds include the rusty
brown-colored Rampart Cave member of Muav Limestone, a gray to white cliff-forming
cherty limestone within Watahomigi Formation, and basal conglomeritic beds of the
Wescogame and Esplanade Formations (E. McKee, 1982). Where present in the correct
sequence and at the approximately true stratigraphic thickness, portions of the Supai
Group are essentially intact within landslide blocks; these have been rotated and
translated and sometimes thinned by layer-parallel slip within weak horizons. Similarly,
where the Watahomigi Formation’s white cliff-forming cherty limestone crops out near
exposures of Redwall Limestone within landslide blocks, the Supai Group stratigraphy is
conformable in an intact slide block. For stratigraphic nomenclature, we follow the
somewhat confusing convention of including Rampart Cave and Sanup Plateau member
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Figure 2. Stratigraphy near RM 130-140. Stratigraphic thicknesses adapted from
Billingsley and Beus (1989) reported at RM 140. Annotated photograph showing canyon
profile at RM 120, where river is at the level of the Tapeats Sandstone. Precambrian
stratigraphy is preserved within the study area but does not appear to play a significant
role in the formation of landslides, with the exception of the 133-Mile event.
carbonates with the Muav Limestone and enclosing shales with the Bright Angel Shale
(Peter W. Huntoon, 1989). However, we recognize that carbonates thicken westward and
form approximate timelines within the gradational Tonto Group transgressive succession
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of the Tapeats Sandstone, Bright Angel Shale, and Muav Limestone of the Tonto Group
(E. D. McKee & Resser, 1945).
River-damming landslides (inset C of Fig. 1) were first documented by Reiche
(1937) in eastern and central Grand Canyon. Descriptions of the Carbon Butte (location
C1 of Fig. 1) and Surprise Valley area (location C2 of Fig. 1) landslides were improved
by Ford and Breed (1970), Huntoon (1975), and Savage (2002). Within the general area
of Surprise Valley in central Grand Canyon, Huntoon (1975) and Savage (2002)
identified 3 main geographic areas where bedrock slumps and/or slides occurred: 133Mile, Surprise Valley (SV), and Deer Creek (DC); they documented up to 6 individual
damming and river re-routing events and hypothesized a wide range of ages from the
individual events based on their heights above modern river level and available bedrock
incision rates. Savage (2010) highlighted various observations fueling the debate
concerning involvement of Cogswell Butte (whether it has moved or not). Elston (1989)
introduced the idea that deposits near river mile 136, referred to by this study as Poncho’s
(shortened from Poncho’s Radical Runup of Warme, 2010), involved cross-canyon runup
landsliding based on the observation that a brecciated Rampart Cave member dolomite
slab rested above its intact equivalent on the canyon’s south wall. In western Grand
Canyon, several 1000+ m-thick block landslides have been documented along the
Hurricane fault corridor between river miles (RM) 206 to 224 (location C3 of Fig. 1;
Billingsley et al., 2006). Until recently, no absolute ages for any events have been
presented in the literature, making causation and influence on river incision more difficult
to evaluate.
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Past studies highlight discussion of landsliding triggering mechanisms. One

postulated key factor in landslide localization is the presence of Cambrian Bright Angel
Shale, which has been exposed by Colorado River incision in both eastern and western
Grand Canyon without producing similar landslide complexes (polygons, Fig. 1).
Hereford & Huntoon (1990) argued that eastward coarsening of the Bright Angel Shale
inhibited this type of mass wasting along the Marble Canyon section of eastern Grand
Canyon. The only major example, the Carbon Butte landslide, rests west of the Butte
fault and does not dam the Colorado River or tributaries but was far traveled and came to
rest on weak Galeros Formation shales of the Chuar Group within existing
paleotopography (Ford and Breed, 1970). Hamblin (1994) postulated a causative link
between lava dams downstream (mainly between RM 178-188, see Fig. 1) and landslide
activity in the Surprise Valley area of central Grand Canyon, positing that lava dams
created extensive lakes that might have destabilized upstream canyon walls. The
connection was based largely on existing geochronology as K-Ar ages for lava dam
remnants that gave ages up to ~1.5 Ma (Dalrymple & Hamblin, 1998; Hamblin, 1994; E.
D. McKee, Hamblin, & Damon, 1968), but until recently, the age of the Surprise Valley
area’s landslides were unknown. Subsequent studies have not supported Hamblin’s
proposed lake deposits in eastern Grand Canyon (Kaufman, O’Brien, Mead, Bright, &
Umhoefer, 2002) and the lave dam connection, while not eliminated, is not strongly
supported by existing geochronology (Crow et al., 2014 and see below).
To	
  amplify	
  the	
  above	
  studies,	
  Grand	
  Canyon	
  provides	
  a	
  world-‐class	
  field	
  
laboratory	
  for	
  understanding	
  and	
  interpreting	
  deposits	
  resulting	
  from	
  deep-‐seated	
  
bedrock	
  landslides	
  in	
  steep-‐walled	
  canyons	
  carved	
  into	
  flat	
  lying	
  sedimentary	
  rocks.	
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Here,	
  the	
  continental-‐scale	
  Colorado	
  River	
  has	
  carved	
  a	
  1.6-‐km-‐deep	
  gorge	
  through	
  
rock	
  layers	
  that	
  include	
  resistant	
  limestone	
  and	
  sandstone	
  cliffs,	
  shale	
  dominated	
  
slopes,	
  and	
  crystalline	
  basement	
  rocks.	
  Continuing	
  debates	
  about	
  the	
  incision	
  
history	
  of	
  Grand	
  Canyon	
  notwithstanding	
  (cf.	
  Wernicke,	
  2012;	
  Karlstrom	
  et	
  al.,	
  
2014),	
  there	
  is	
  no	
  doubt	
  that	
  landsliding	
  has	
  played	
  a	
  role	
  in	
  this	
  incision	
  history	
  
(P.W.	
  Huntoon,	
  1975).	
  	
  
The goal of this paper is to investigate the circumstances that lead to bedrock
landsliding and understand their impact on the Colorado River within Grand Canyon. The
foci of this study are the landslides that involved river-damming events (type C of Fig. 1).
These failures filled and diverted the Colorado River in Grand Canyon and are best
preserved in the Surprise Valley area. We present cosmogenic burial age dates on river
straths and headscarp basins sediments related to landslide emplacement. This paper
documents each landslide’s structural character and relationship to associated river and
tributary deposits, establishes landsliding events in relative chronologic order and by
absolute dates, explores causal mechanisms for the landslides, and discusses the
interaction of landsliding and canyon incision.
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Chapter 4
RESULTS: Major landslide elements, river gravels, detailed
mapping/paleotopographic reconstructions, and cosmogenic burial age dating

Figure 3 and Table 1 summarize the characteristics and locations of the main slide
elements in the Surprise Valley area, along with their relative ages presented from oldest
to youngest. Generally, older events are preserved higher in the canyon landscape while
younger events are closer to modern river level; therefore height can be used to place
events in a relative order. In this fashion, we focus on 8 slide elements: Surprise Valley,
Piano, Bonita, Poncho’s, Tapeats, Cogswell West, 133-Mile, and DC2/3.
Figure 4A shows Surprise Valley is filled by two well-exposed, relatively intact
rows of back-rotated slide blocks, both of which originated from Surprise Valley’s
northern rim based on northerly dip directions. The detachment beneath Surprise Valley
soles in the Bright Angel shale above the Rampart Cave member and is exposed near
Thunder Spring as well as along the Tapeats Creek and Colorado River corridors. At the
mouth of Tapeats Creek, the Rampart Cave member detachment crops out at ~328 m
above modern river level. Locally derived silts, sands, and colluvium subsequently
covered the blocks. To both the east and west of the Surprise Valley blocks, additional
landslide debris from the Bonita and Cogswell West elements fill expressions of prelandslide topography at ~915 m elevation above sea level (Fig. 4B and C). A solitary
quartzite clast (inset, Fig. 4C) was found on the east slope of Deer Creek, suggesting a)
the clast was eroded out of a Colorado River gravel deposit up the Deer Creek tributary
and thus b) the Colorado River was flowing through Surprise Valley, creating the above-
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Figure 3. Simplified map showing landslide extent in the study area. Locations of
landslide segments presented in subsequent figures are shown. River miles from Steven
(1983).
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Table 1: Summary of landslide characteristics
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Figure 4. Surprise Valley blocks A and B. A: White lines show extent of landslide
blocks. Black stars show headscarp basin sampling sites. Black “B” and C” indicate
locations of annotated photos 4B and 4C. B: Eastern paleochannel form carved in
Rampart Cave member and filled with Bonita toe slide material. C: Western paleochannel
form filled with brecciated landslide material. Inset photo of quartzite river clast found on
hillside above Deer Creek (significance discussed in text). Both straths are ~915 m asl.
4A photo credit: Alan Herring.
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Figure 5. Main river- and tributary-damming landslide segments. A: Piano slide
buries 70 m paleo-channel viewed downstream to the northwest; B: Bonita slide toe
viewed to the west showing sub-horizontal detachment surface on top of Rampart Cave
member (double red lines); C: Poncho’s Radical Runup (after Warme, 2010) composed
of Rampart Cave member thrust above in-place Rampart Cave, viewed to the east,
showing thrust relationships and 133 m gravels on top of runup slab; D: Tapeats Creek
slumps filling multiple paleo-tributary channels, viewed from toward the northeast; E:
Cogswell West and adjacent graben viewed from the air toward the east, photo credit:
Alan Herring; F: 133- Mile as seen from near the mouth of Tapeats Creek toward the
southeast, showing approximate locations of 164 m and 136 m gravels.
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mentioned paleotopographic expressions. Locally derived laminated red silts and sands as
well as colluvium subsequently covered the Surprise Valley blocks and also fill
topography west of Surprise Valley; the red sand was sampled for cosmogenic burial age
dating to provide a minimum constrain for the movement of Surprise Valley blocks and
Cogswell West (see below).
Figure 5A show the Piano slide filling a paleo-Colorado River channel incised
into the Tapeats Sandstone at the head of the Granite Narrows near RM 135R. Colorado
River gravels found beneath the Piano slide toe near RM 135R at 70 m were sampled for
cosmogenic burial age dating (presented below). A second river gravel outcrop was
found at 65 m near RM 135.5R but was insufficiently shielded for burial dating. River
sand and gravel fill centimeter-scale cracks in the basal landslide debris exposed at the
downstream outcrop, suggesting rapid emplacement of the debris into the paleochannel.
Figure 5B shows the Bonita West segment, here comprised of a series of four
back-rotated blocks translated southward on a Rampart Cave member detachment. Major
extensional faults cropping out on the west wall do not project across to the east, where
only one major normal detachment is apparent. The upper Bright Angel Shale (above the
Rampart Cave member) was attenuated or completed displaced during sliding, such that
more competent carbonates rest directly upon the Rampart Cave detachment surface.
Figure 5C shows Poncho’s Radical Runup mantling the south canyon wall
directly across from the highest Deer Creek (DC) landslide between RM 136.5-137. The
DC slides on river right are composed of Muav through Redwall strata but are more
jumbled compared to relatively intact blocks of previously described slides. Of note, one
major headscarp basin formed within the DC1 slide mass. On river left, Poncho’s is
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composed of 5 slabs, individually composed of 10+ m-thick brecciated rusty-brown
Rampart Cave and Sanup Plateau member dolomites, as well as smaller blocks of
Redwall Limestone, mantling ~1.5 km of the Bright Angel slope. All slabs overly intact
Rampart Cave and Sanup Plateau members, while shattered blocks of Redwall and Muav
Limestones cap multiple slabs, the upstream most slab is comprised exclusively of these
formations. Colorado River gravel and sand as well as basement-sourced granitic
boulders are incorporated into the basal ~1 m of all slabs, in most cases present at the
highest uphill extents of the slabs. In a well-shielded overhang 61 m above current river
level at 136.6L, Colorado River gravels are sheared with tops displaced to the south.
Taken along with the lack of Rampart Cave exposures between RM 136.2R – 138.3R,
these observations suggest north-to-south translation of the Poncho’s deposit across the
river and up the river left side driven by a failure of the DC slide, which at the time
formed the river-right canyon wall. Two isolated Tapeats Sandstone outcrops protrude
from the talus near RM 136.7R, indicating DC1’s main detachment soled above the
Tapeats Fm and likely involved the Rampart Cave member, thus driving Poncho’s
Radical Runup. At two locations, river gravels are buried by Poncho’s slab at 61 m
beneath the slab and also mantle Poncho’s at a height of 133 m. The 61 m gravels were
sampled for cosmogenic burial age dating by Crow et al. (2014) (presented below).
Figure 5D shows mapping and field photos of Tapeats segment debris mantling
the western wall of Tapeats Creek. The deposit is characterized as two major outcrops of
brecciated rusty-brown Rampart Cave member carbonates that are inset into the subhorizontal detachment extending from Thunder Spring to ~1 km the mouth of Tapeats
Creek. Rounded tributary gravels were buried beneath Rampart Cave breccia and fill
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Tapeats Creek paleochannels carved into the Shinumo quartzite and upper Hakatai shale
at 83 and 63 m above the modern tributary, respectively. Additional tributary gravels
were discovered at 78 m above Tapeats Creek in a paleochannel carved into the lower
Hakatai shale. These deposits were not sampled for cosmogenic burial age dating due to
slope instability and insufficient shielding.
Figure 5E shows Cogswell West, the most downstream segment of the Surprise
Valley complex, bounded by Cogswell Butte to the east and Deer Creek to the west. The
saddle between Cogswell West and Cogswell Butte is occupied by a major graben downdropping Watahomigi (Mwa) and Manakacha (Mm) Formations below the Redwall rim.
The detachment beneath Cogswell West on top of the Rampart Cave member crops out
near Deer Creek Falls at a height of ~226 m above modern river level. While the contact
can be traced continuously between Bonita and Deer Creek along the top of the Rampart
Cave member, no analogous detachment was as readily observed in the eastern wall of
Deer Creek. If the same basal detachment underlies all of Surprise Valley, it is concealed
by colluvium along the eastern margin of Deer Creek. Formation of the aforementioned
graben structure suggests the later to be the case, as it is difficult to form such a structure
accommodating E-W extension while simultaneously persevering Cogswell West’s intact
nature without the detachment beneath Cogswell West emerging along Deer Creek. The
Cogswell West slide toe fills paleotopography ~110 m ARL between two intact Rampart
Cave outcrops. Rounded tributary alluvium was found perched within a pothole-like
outcrop at 90 m above the Colorado River at RM 135.8R, demonstrating the presence of
a paleo-Deer Creek situated in the topographic low now filled by Cogswell West.
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Figure 5F shows the 133-Mile deposit (RM 131.5-133.5L) involving the

uppermost Bass as well as Cambrian Tapeats through Muav Formations that detached
from the south canyon wall and translated in the upper Mesoproterozoic Bass Formation.
Along this stretch, the detachment beneath 133-Mile strikes parallel to the modern river
course and is exposed at 86 m above river level. A sharp contact between disturbed
Tapeats and intact Bass is interpreted to represent a Colorado River paleochannel and
although strath outcrops are concealed by colluvium and Colorado River gravels have not
been found along this contact, the paleochannel can be traced to heights <75 m above the
modern river. Colorado River gravels were found mantling the main slide mass at a
height of 164 m. Additional gravels mantled colluvial slopes both upstream and
downstream of the main slide mass at a height of 136 m. We interpret these gravels to
represent two post-133-Mile aggradational episodes imply that a lake backed up behind
the slides and filled with fluvial sediments, after which river gravels could be transported
and deposited on top of landslide debris.
Figure 6 shows the effect of recent DC landslide episodes (DC2 and DC3) on the
Colorado River between RM 136.5-137.5R. The DC2 toe reaches down to the Colorado
River just downstream of the Deer Creek Falls spring (Fig. 6A). The DC2 detachment is
outlined by Four minor headscarp basins outline the DC2 slump detachment, inset within
the larger DC1 slide mass. The DC3 slump of Muav through Temple Butte filled a
Colorado River paleo-channel cut into the Tapeats Sandstone between RM 137.0R137.2R, burying a strath just below modern river level (Fig. 6B). The inset nature of both
DC2 and DC3 as well as the position of the strath beneath DC3 suggests these slides are
subsequent readjustments to continued bedrock incision and slope over steepening.
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Figure 6. Recent events. A: View downstream from Granite Narrows towards Deer
Creek landslides. B: View upstream of DC3 slump filling a recent paleo-Colorado River
channel likely within a few meters of the modern strath.

Figure 7: Terrace correlations and landslide dams and lakes. River surface elevations
and river miles are taken from Birdseye (1924). Heights above the modern river
determined by increasing the height in 20 m intervals of a linear best fit (line equation
shown in lower left corner) to the Birdseye (1924) profile. The names of major rapids
from Horn Creek to Upset are shown on river profile for reference.
Figure 7 presents height and elevation relationships between river gravels both
above and below landslide debris and the 133-Mile detachment. Colorado River straths
and overlying gravels crop out at 65-70 m beneath the Piano slide and 61 m beneath
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Poncho’s, while mapping at 133-Mile suggests the strath buried by that landslide exists at
<75 m. Additionally, two tributary straths along Tapeats Creek buried beneath landslides
crop out at comparable heights of 63 and 83 m, while a third tributary gravel deposit is
preserved at 78 m. Along a paleo-Deer Creek course, a tributary gravel deposit is present
at 90 m. High river gravels mantle Poncho’s and 133-Mile deposits at heights of 133-136
m. The clustering of main stem and tributary straths between 61 – 70 m and landslidemantling gravels at ~130 m suggests that Poncho’s, 133-Mile, and Tapeats segments
occurred within quick succession at a time when the Colorado River was ~60-75 and also
~130 m above its modern level. Cosmogenic burial age geochronology places activity at
individual segments within an absolute context, but first, Surprise Valley’s
paleotopography and paleo-river and tributary course must be understood through the use
of restored cross-sections to place those ages in better context.
Figure 8 shows detailed mapping and locations of cross-section lines while
Figures 9, 10, and 11 show modern and restored cross-sections through Bonita West (AA’), Surprise Valley and the Piano slide (B-B’), and DC1/DC2 (C-C’) and DC1/DC3 (DD’). Cross-sections are restored for Time 0 (original configuration) and Time 1
(intermediate configuration). Modern cross-sections would be equivalent to Time 3.
Figure 9 shows modern and restored cross-sections along A-A’ through the Bonita West
segment. When restored, a major open space is left in the modern toe area between the
section line and Cogswell Butte in the background (shown as projected) as well as minor
paleotopography in Surprise Valley. Cogswell Butte is shown connected to the south rim
at Time 0, with a paleo-divide near the modern Granite Narrows at an elevation of 1200
m. Figure 10 shows cross-section B-B’ runs from the Esplanade rim through the core of
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Figure 8: Detailed geologic map of Surprise Valley study area. Intact stratigraphy
based on NAIP 2007 aerial imagery. Landslide mapping based on 1:12000-scale ground
mapping. Cross-section lines show locations of Figures 9, 10, and 11. River and tributary
gravel deposit locations labeled with height above the modern river.

Figure 9: Bonita cross-sections A-A’. Location of cross-section shown in Figure 8.
Black lines show ground surface and formation contacts. Double red lines represent
Rampart Cave/Sanup Plateau members while green line shows top of Redwall Limestone.
Dashed lines in restored cross-section show projected Cogswell Butte to west of section
line. Green lines show top of Redwall, red lines show Rampart Cave/Sanup Plateau
members.
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Figure 10: Surprise Valley and Piano slide cross-section B-B’ for pre-landslide,
intermediate, and modern configurations. Location of cross-section shown in Figure 8.
Irregular black line shows ground surface and straight black lines show formation
contacts. Double red lines represent Rampart Cave/Sanup Plateau members while green
line shows top of Redwall Limestone. Supergroup stratigraphic thicknesses inferred from
exposures along Tapeats Creek to the east of the section line. Curved dashed line in Time
0 detachment and modern ground surface.
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Figure 11: Deer Creek cross-sections C-C’. Location of cross-section shown in Figure
8. Black lines show ground surface and formation contacts. Double red lines represent
Rampart Cave/Sanup Plateau members while green line shows top of Redwall Limestone.
Surprise Valley and the Piano slide. At time 1, the Piano segment restores to Cogswell
Butte and at Time 0, the two Surprise Valley blocks restore to the northern edge of
Surprise Valley, opening space down to the level of the Bright Angel shale. Also of note,
Cogswell Butte is connected via a saddle within the Redwall Limestone (discussed
below). Figure 11 shows cross-section lines through the eastern (C-C’) and western (DD’) sides of the Deer Creek landslide. Cross-section C-C’ runs through the eastern half of
the DC1 slide mass and DC2, showing two blocks comprise the DC1 mass while the DC2
mass is inset and closer to the modern river. The detachment beneath the DC1 slide is
shown as below the Rampart Cave member, facilitating DC1 driving Poncho’s Radical
Runup. DC2 is inset within DC1, suggesting its relative youth. The Time 1 restored C-C’
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cross-section shows the 61 m strath that would soon get buried by Poncho’s Radical
Runup. Cross-section D-D’ runs through the western half of the DC1 slide and DC3,
where the landslide is broken up into 3 major sections, the westernmost portion of which
comprises the DC3 slide. The central block is well exposed but the northern block is
mainly covered by colluvium and stratigraphy within that block is inferred based on what
can reasonably be present. The DC3 slide fills a Colorado River paleochannel near its
modern level. At Time 1, D-D’ restores to the north side but overall doesn’t provide
much constraint on the Colorado River’s course at that time step.
In summary, paleotopographic reconstructions show landslide blocks restore to
their original positions comprising the canyon’s north rim, leaving behind a major canyon
running through the Surprise Valley carved to the level of the Bright Angel shale at ~915
m elevation, equivalent to between 300 and 325 m above the modern river near the mouth
of Tapeats and Deer Creeks, respectively. Slides including the Piano and Poncho’s fill
paleo-Colorado River channels at lower heights of 70-61 m above the modern river. Even
lower events such as DC2 and DC3 are inset into the DC1/Poncho’s landslide, suggesting
their youth. The next section will focus on presenting absolute ages to hang on this
relative timing framework.
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Figure 12: Cosmogenic burial age dating sites. A: View downstream near RM 134.5 of
the Piano slide; B: View from Deer Creek Falls of Poncho’s slab burying a 61 m strath
and 133 m spillway height (note beveled slab near Redwall Limestone block capping
Rampart Cave slab); C: Poncho’s Cave sampling site for K10-136.1-SV; D: red, finegrained headscarp basin deposits within Surprise Valley, characteristic of sampled
materials for K14-Surp-1 and 2, capped by pediment surface that buttresses Surprise
Valley blocks A and B.
Cosmogenic burial ages on the Surprise Valley landslide and related sediments
Figure 12 and Table 2 summarize cosmogenic burial age samples related to the
Piano, Poncho’s, Cogswell West, and Surprise Valley landslide segments. Sufficient
shielding of quartz-rich river sand and quartzite cobbles allowed cosmogenic burial age
dating of Colorado River straths beneath Piano slide (Fig. 12A) and Poncho’s (Fig. 12B
and C) and were previously reported by Crow et al. (2014) in the context of long-term
incision rate studies. Headscarp basin deposits were sampled north of Cogswell West and
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in Surprise Valley (Fig 12D). Table 2 summarizes cosmogenic samples utilized in this
study.
River gravel and sand beneath Piano slide at a height of 70 m gave an age of 0.88
± 0.44 Ma (2σ), while gravels on the 65 m strath downstream are not sufficiently shielded
to permit dating via the cosmogenic burial method. River sand sampled in the Poncho’s
paleochannel at RM 136.7L gave an age of 0.98 ± 0.42 Ma (2σ). K14-Surp-1 and K14Surp-2 samples are derived from eroded hillslopes with minimal modern shielding at 0.3
m for K14-Surp-1 and 4 m for K14-Surp-2. However, nearby pediment surfaces projected
over sample locations would place these deposits at depths of 20 and 16 m, respectively,
both greater than the minimal 10 m required to prevent post-burial production. Assuming
zero surface erosion, K14-Surp-1 gave a maximum burial age of 0.14 and K14-Surp-2
gave an age of 0.212, both with large errors, therefore making it difficult to interpret.
We apply the following assumptions to amalgamated sand samples. Tributary
basin-wide erosion rate estimates in eastern Grand Canyon of ~100 m/Ma suggest that
the samples could have been shielded by the required >10 m of material until the last 100
ka (Cleveland et al., 2006; Darling, Whipple, Nichols, Clarke, & Bierman, 2014; Nichols,
Webb, Bierman, & Rood, 2011). Post-burial production is ignored in age calculations,
thus ages should be considered minimum burial ages. Crow et al. (2014) reported
cosmogenic burial ages for Piano slide and Poncho’s; however, this study provides the
best context for understanding the importance of these dates in terms other than strict
river incision histories. Due to the large inherent error on both dates associated with low
[Al] and the inverted ages (i.e. higher strath dated younger), presented a weighted mean
age of 932 +/- 304 ka for both the Piano and Poncho’s events. In a general sense, we
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Table 2: Cosmogenic burial sampling
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consider this age to be the best available for dating the Surprise Valley landslides as a
whole, but strath and fill terrace heights and inset relationships discussed above suggest
some segments were active at different times. For dated events, the older age corresponds
to the lower strath height, but both ages are statistically unresolvable due to errors
inherent with the method. Therefore, we consider the weighted mean age of 932 ± 304 ka
as the best age for the bulk of landsliding in the Surprise Valley area.
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Chapter 5
DISCUSSION AND IMPLICATIONS

Restored cross-sections, detachment and paleochannel heights, and cosmogenic
burial age dating results show that topography within the Surprise Valley area have
evolved in step with landsliding events over the last ~3 Ma, summarized by Figure 13.
With each event, landslide debris formed relatively stable lake-forming landslide dams;
Table 3 summarizes heights and elevations of straths and spillways for each damming
element. Based on paleochannel heights between 300 – 325 m above the modern river
and a long-term bedrock incision rate of 100 m/Ma in central Grand Canyon, the
Colorado River formed a canyon in the Surprise Valley area prior to 3 Ma. This canyon
was incised into the Rampart Cave member on Surprise Valley’s eastern flank and into
the upper Muav Limestone to the west (near modern day Tapeats and Deer Creeks,
respectively), leaving behind paleochannels in these two locations. At ~3 Ma, Surprise
Valley Torevas A and B comprising the northern canyon wall collapsed into the Surprise
paleotopography creating a landslide dam to an elevation of at least 1200 m, based on SV
Block A and B debris remaining in western Surprise Valley. No evidence was found
suggesting the Surprise Valley landslide dam comprised of SV blocks A and B was
overtopped. Instead, a lower paleo-saddle likely existed in the Granite Narrows area at
<1200 m elevation above sea level. After damming, Lake Cogswell was impounded
behind the landslide debris and spilled over the paleo-saddle, thus integrating the
Colorado River through the Granite Narrows area.
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Figure 13: Surprise Valley paleogeographic maps for ~3, 3-1, 1, and >>1 Ma. Yellow
polygons show landslide blocks active during individual times or time intervals. Green
line shows Redwall rim while red line shows Rampart Cave member outcrops. Black
arrows show paleo-tributary and river courses. River Miles from Stevens (1983).
Between 3-1 Ma, the Colorado River flowed along the Granite Narrows section
with a channel carved into Paleozoic strata. Over this time period, landslide dam debris
and paleochannel height constraints require the Colorado River to incise from <600 m
above the modern river at the saddle spillway to ~70 m paleochannel height preserved
beneath the Piano slide, suggesting a reasonable incision rate of 265 m/Ma. For
comparison, incision rates as high as 550 m/Ma have been documented associated with
the upstream migrating knickpoint in Black Canyon of the Gunnison (Donahue et al.,
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Table 3: Gravel heights and landslide dam heights/elevations
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2013). Moreover, if the spillway saddle stood at a lower elevation or the Surprise Valley
damming event was older than 3 Ma, the required incision rate was been lessened and
would compare more favorably with background bedrock incision rate estimates for
Grand Canyon (e.g. (Crow et al., 2014).
By ~1 Ma, the Colorado River and tributaries carved to a height between 75 and
61 m above the modern river and tributaries, evidenced by paleochannels beneath 133Mile at <75 m, Piano at 70 m, and Poncho’s at 61 m (Fig. 13). Tributary heights along
Tapeats Creek between 78, 68, 83 m also suggest reactivation of the Surprise Valley
blocks A and B to the east of Surprise Valley occurred around 1 Ma. Detachment
structures trend to the southeast from the Cogswell West graben to the west across the
south face of Cogswell Butte to the Bonita Creek slide. While the Bonita slide may have
also been a reactivation of SV blocks A and B, the Piano, Cogswell West, and
Poncho’s/DC1 slides represent fresh failures at 1 Ma. At a slightly higher 90 m height,
Cogswell West buried a paleo-Deer Creek course, suggesting Cogswell West failed prior
to other river and tributary-damming events, and pushed Deer Creek to the west.
Relatively sooner thereafter, DC1 failed and drove Poncho’s across the river and up the
south canyon wall, while simultaneously damming Deer Creek, thus pushing it back to
the east to its present course. Deer Creek landslide material buttresses intact Tapeats
Sandstone near the head of the Deer Creek Narrows. At this location referred to as “The
Patio”, Deer Creek has incised into the Tapeats Sandstone creating a spectacular ~200 ft
knickpoint in Deer Creek Falls, a very popular stop for river-running and backpacking
parties. These events represent a relatively rapid succession of failures involving nearly
the entire north side of the Colorado River between river miles 134-137.
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Each event at 1 Ma formed landslide dams and lakes, depicted in Figure 14,

evidenced by river gravels deposited on top of landslide debris. Interaction between
either the DC1/Poncho’s or Piano landslides, their dams and lakes likely caused the 133Mile failure upstream, the only event to originate on the south side of the Colorado River.
Both the DC1/Poncho’s and the Piano slides can be considered as candidates for
triggering the 133-Mile slide because gravels above Poncho’s at 719 m asl and the
existing bedrock adjacent to the Piano paleochannel at 715 m asl represent spillway
elevations sufficient to inundate the 133-Mile detachment surface. This suggests that
133-Mile failure occurred as a result of weakening within the Bass Formation as a result
of saturation or outburst flooding, although deposits related to the latter process have not
been identified downstream by this study. The 133-Mile lake stretched upstream into the
Upper Granite Gorge. The more recent DC3 slide formed a dam with a minimum
spillway elevation of 614 m asl. Much smaller than it predecessors, this dam was capable
of backing-up water to between Fossil and Bedrock rapids. Fine-grained deposits at
134.5-mil (Owl Eyes Canyon) might represent DC3 lake deposits, as their heights above
the modern river and OSL/IFSL ages suggest their youth. Future research should focus on
locating areas where lake deposits would likely be preserved along larger tributaries
between Surprise Valley and the Upper Granite Gorge.
Cosmogenic burial age estimates suffer from a lack of precision due to
assumptions made concerning pre-burial history and post-burial production. Cosmogenic
burial age estimates could be improved through the isochron method, wherein multiple
individual quartzite clasts with varied pre-histories are analyzed individually. In this way,
post-burial production can be accounted for, thus increasing precision. At any rate, dating
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Figure 14: Inferred landslide-dammed lakes. Vertical dashed lines show estimated
upstream extent of individual lakes. Note detachment beneath 133-Mile landslide resides
below Piano and Poncho’s dam spillway elevation estimates.
presented herein represents the first independent dating of landsliding in Grand
Canyon. Samples within Surprise Valley (K14-Surp-1 and 2) suffer from insufficient
shielding evidenced by significantly younger burial ages than expected for the landslide
events they constrain. By assuming 100 m/Ma surface erosion, burial ages would
increase, but this argument in tenuous because of unknown exposure histories. These
dates may be improved by depth sampling to better constrain post-burial production.

Landslide mechanisms: paleotopography, groundwater, lava dam lakes, seismicity
Landslides in the Surprise Valley area occurred due to the combination of factors,
primarily paleotopography and groundwater with potential involvement of local
seismicity, while geochronology on lava dams suggests lakes associated with that style of
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river-damming are too young to be strongly connected with landsliding. A major
implication of this study is the reconstruction of Surprise Valley paleotopography, which
is clearly demonstrated by restored cross-sections. The Bonita cross-section (A-A’)
restores easily to the north canyon wall and leaves behind open space in the modern toe
area, with the depth of the paleotopography constrained by paleochannels entering and
exiting Surprise Valley (Fig. 4). The Surprise Valley cross-section (B-B’) involves the
lateral loss of material underlying the Redwall Limestone in block B within Surprise
Valley. During failure, this material was likely forced upstream and downstream within
the Surprise Valley paleocanyon, allowing an intact Supai Group to be preserved within
the core of Surprise Valley. The toe of Block A in Surprise Valley forms a central block
that is not differentiated from blocks A or B because it is inferred to fill the space
between where blocks A and B are well exposed. Material must fill this space that cannot
be accounted for in any other way. Deer Creek cross-sections (C-C’ and D-D’) are
straightforward restorations other than the multistage restoration of DC2 and DC3 events.
The DC1/Poncho’s event involved failure below the Rampart Cave member and DC2/3
events represent subsequent reactivations of the original 1 Ma DC1/Poncho’s slide mass.
The configuration of paleochannels and landsliding sequence presented above represents
the first complete and plausible explanation for landsliding in the Surprise Valley area.
Relatively high volume freshwater springs occur throughout the field area at
Thunder and Deer/Dutton Springs (Fig. 17). Thunder Spring, the most voluminous
freshwater spring in Grand Canyon, discharges from the intact cliff to the east of the main
Surprise Valley deposit, giving rise to Thunder River, which in turn flows into Tapeats
Creek. Deer Creek lies to west of the main Surprise Valley deposit and is fed by Deer and
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Dutton Springs, the latter of which likely represents an overflow valve for the Deer
Spring system. An extensive cave system is absent at this location. Tapeats Spring exits
the canyon wall upstream of the Thunder River-Tapeats Creek confluence.
Both Tapeats and Thunder Springs represent extensive North Rim cave systems.
A network of passages extends to the north-northeast from the Thunder spring orifice.
The main passage is on the order of a few meters wide, created by dissolution of the
carbonate surrounding dilation fractures that parallel the orientation of a minor near
vertical fault with ~4m of offset. A similar situation is also observable at Tapeats Cave to
the east. A second passage within the Thunder system, comparable in dimension,
intersects the modern passage near the Thunder Spring entrance and extends to the eastsoutheast along the canyon wall, where it emerges. Today this passage is free of water,
but exhibits the same water-sculpting and dissolution characteristics of the modern day
passage. Multiple similar ancient springs can be observed along the canyon wall, which
presumably represent increasingly older orifices with distance away from the modern
Thunder Spring, such that landslide debris in the area has been removed along the course
of Thunder River by sapping through time. This may present a location to employ dating
of cave sediments to determine the age of the oldest spring orifice. This would be
important because it was likely displacement and grain size reductions along the vertical
detachment plane that forced groundwater to emerge on the flanks of the main Surprise
Valley landslide.
Existing geochronology for both lava dams and landslide dams does not suggest a
strong connection between the two Grand Canyon river damming processes, shown by
Figure 15. Using the Ar/Ar method, Crow et al. (2014) revised pre-existing dates on lava
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Figure 15. Comparison of lava flow and landslide ages. Red curve shows probability
density function composed of 76 Ar/Ar dates from Crow et al. (2014). Blue curve shows
normal distribution of 2 available cosmogenic burial ages for landslides in the study area.
Individual dates shown with black diamonds for lava flows and blue squares for
landslides, all shown with 2σ error bars. Weighted mean of two landslide ages is 932 ±
304 ka. While possible, it is unlikely that lava-damming episodes directly caused
landslide failures upstream at Surprise Valley because the bulk of downstream volcanism
occurred between 100-600 ka and only two lava dam samples dated in the 800 ka range.
flows from the Uinkaret Volcanic Field that cascaded into Grand Canyon near Toroweap
(RM 179) and Whitmore Wash (RM 188), forming lava dams the distal ends of which
stretched downstream to Lava Cliff rapid (RM 246R). Figure 18 shows Ar/Ar dates and
cosmogenic burial age dates for the Piano and Poncho’s landslide segments from Crow et
al. (2014). While portions of the 2-sigma error envelopes for the weighted mean age of
932 ± 304 ka overlap with some of the oldest lava samples, the bulk of lava-dam forming
flows dated to 600 ka or younger. This suggests that while the older landsliding events
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(Surprise Valley, Bonita, Cogswell West, Piano, Poncho’s, 133-Mile) were likely not
triggered by lava dam lake waters, the D2 and D3 events could conceivably be linked.
Although speculative, the heights of these two deposits suggest their youth and could be
as old as 100 ka, the last period of major lava dam activity.
River gravels within the study area attributed to landslide dam spillway heights
may alternatively represent subsequent lava dam-related local aggradation. For example,
136 m gravels at 133-Mile crop out at an elevation of 733 m, which might correspond to
a lava dam spillway at around that same elevation (Fig. 15). To fully answer this
question, future work should focus on comparing gravel elevations and heights in the
Surprise Valley area with elevations and heights of basaltic and far-traveled gravels atop
lava dam remnants, after correcting for post-emplacement normal fault displacement.
Such gravels are documented at heights >200 m ARL, suggesting that lava dams would
have been more than tall enough to impound water or aggrade the Colorado River
sufficiently enough to create the observed fill terraces in Surprise Valley, even
considering total displacement on the Toroweap fault of ~60 m.
Data suggest landsliding is not induced primarily by local seismicity. Faults
within the study area are generally steeply dipping and exhibit greater offset with depth.
For example, the Sinyala fault crosses the Colorado River near RM 138, and at river
level, the fault offset is ~12m and decreases to 3-4m where exposed on the Esplanade rim
(G. Billingsley, 2000). These structures have remained active into the Quaternary,
evidenced by small magnitude seismicity (Karlstrom & Timmons, 2012). However,
landslide volumes decrease approaching the Sinyala fault, opposite of what one might
expect: generally, that shaking intensity and in turn landslide volume would decrease
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with distance away from the hypocenter. At a minimum, if seismic energy from a local
earthquake did pass through the study area, the additional energy induced landsliding that
was likely primed by other processes; therefore, seismicity should be considered a
secondary triggering mechanism in the case of Grand Canyon’s bedrock landslides.
While it is difficult to completely rule out seismic triggering, mapping
relationships suggest groundwater transported into the study area via faults is a more
reasonable culprit fro cliff destabilization. Landsliding volumes increase toward the east,
closer to the Kaibab Plateau recharge zone for the North Rim groundwater system. As
occurs today and most certainly did in the past, the West Kaibab fault zone directs high
volume freshwater from higher elevations to the east into the study area, discharging at
Tapeats, Thunder, and Dutton/Deer springs. In addition, its well-known that the shear
strength of shales can decrease over time in the presence of water. Therefore, the data
best support a model wherein the Bright Angel shale is weakened solely by weathering in
the presence of groundwater prior to tributary incision through the Muav-Bright Angel
contact where most the Redwall-Muav aquifer is perched today.

Conclusions
We used detailed landslide mapping, strath terrace heights, and cosmogenic burial
ages to characterize and sequence landslide segments. Mapping shows Toreva-style
translational and rotational failures involving ~1000 m section of Paleozoic strata failed
within basal weak shales, blocked and diverted the Colorado River along with local
tributaries, and forced the formation of new bedrock courses for both, with at least one
landslide segment at Poncho’s translated hundreds of meters across and up the opposite
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canyon wall. Main stem strath heights coupled with cosmogenic burial ages establish the
landsliding sequence and suggest the presence of river-altering landslide dams. Quartzite
river cobbles and sand from one main stem strath terrace buried by landslide debris at
70m above the modern river gave a cosmogenic burial age of 0.88 ± 0.22 Ma (1σ) while
similar material from a second at 61m dated to 0.98 ± 0.21 Ma (1σ). The weighted mean
age of these two events is 932 ± 304 ka. A third main stem strath is buried beneath debris
from a subsequent slide upstream at a height <75 m. Along landslide-adjacent tributaries,
debris-filled tributary straths crop out at heights of 83, 63, 78, and 90 m. Comparable
heights for all slides suggests they occurred within quick succession at ~1 Ma. At two
locations, far-traveled river gravels mantle landslide debris at 133 m and 164 m,
suggesting debris blocked the river enough to be overtopped before formation of newly
carved gorges adjacent to spillways. Fluvial-lacustrine deposition representative of lakes
are sparsely preserved upstream, but fine-grained deposits are preserved locally along the
main stem between heights of 30 and 90 m.
Restored volume-balanced cross-sections show that 1000 km thick sections of
stratigraphy were detached on weak shale layers near the top of the Rampart Cave
Member. Internal slide block stratigraphy is coherent enough to allow restoration to presliding cliff configuration. These reconstructions show that landslides with Surprise
Valley fell into a previous “Surprise Valley paleovalley,” still undated, that is a candidate
for an old, high paleovalley carved to within about half the depth of modern Grand
Canyon.
Reconstruction of paleochannels and strath heights establishes the relative timing
of the landsliding sequence, while cosmogenic burial age dates on landslide-buried river
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deposits provides absolute landslide ages. The first event involved a failure that dammed
and diverted a Colorado River paleochannel at 325 m above modern river level at ~3 Ma
based on assumed steady incision rates of 100 m/Ma. This event cut off an earlier
meander, caused a likely spill over event, and re-established the river near its present
course. A second event took place at ~1 Ma as dated by cosmogenic burial ages on strath
terrace gravels at 61 and 70 m that were buried by landslides and caused additional riveraltering landslide dams, Quartzite river cobbles and sand from one main-stem strath
terrace buried by landslide debris at 70m above the modern river gave a burial age of
0.88 ± 0.22 Ma (1σ); and similar main-stem gravels from the other side of the river at
61m dated to 0.98 ± 0.21 Ma (1σ). A third main-stem strath is buried beneath debris from
a subsequent slide upstream at a height <75 m. Along landslide-adjacent tributaries,
debris-filled tributary straths crop out at heights of 83, 63, 78, and 90 m. Comparable
heights for all slides suggest they occurred within a relatively short time interval at ~1
Ma. At two locations, far-traveled river gravels overlie landslide debris at 133 m and 164
m, indicating that landslide debris dammed the river and then dams were overtopped
before formation of newly carved gorges adjacent to spillways. Fluvial-lacustrine
deposition representative of lakes behind the 30-100 m-high landslide dams would be
expected to back-up water and cause lake sedimentation far upstream (to between river
mile 97-128), but few lake deposits are found. Poorly preserved fine-grained lake
deposits are present in the vicinity of the landslide dam between heights of 30 and 90 m.
We reconstruct landslide geometries using volume-balanced cross sections of semicoherent strata within rotational slides, constrained by marker beds. Restored sections
show that slides filled previous paleo-valley topography, possibly created by previous
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canyon-carving episodes. This “Surprise paleovalley”, still undated, is a candidate for an
old, high paleovalley carved to within about half the depth of modern Grand Canyon.
Seismic triggering is not ruled out as an initiating mechanism, but our data more strongly
suggest that Grand Canyon’s Surprise Valley landslides can be explained by the presence
of large volume spring discharge, an important aquifer-aquitard interface, and preexisting paleotopography. Collectively, these drove massive cliff failure above saturated
Bright Angel Shale detachments and Toreva block sliding, rotation, and jumbling of thick
sections of Paleozoic strata as they filled an older paleocanyon and re-routed the
Colorado River.
Ultimately, groundwater from the Kaibab Plateau directed into the study area via
the West Kaibab fault zone lead to the saturation and weathering of shales beneath the
main Surprise Valley and Deer Creek slide masses prior to local shale exhumation. One
event filled a paleo-valley diverting the Colorado River to the south where two events
blocked the Colorado River near river miles (RM) 135 (Piano slide) and 136.5
(Poncho’s), forming debris dams that impounded water and sediment and lead to the
upstream failure of the 133-Mile landslide, localized in the Bass Formation. In all cases,
the Colorado River was diverted and long-term bedrock incision continued. Thus our data
suggest that the apparent uniqueness of Surprise Valley landslides in Grand Canyon is
explained by the presence of major spring discharge plus pre-existing paleotopography
that drove massive cliff failure into an older paleocanyon and re-routed the Colorado
River. In some cases, landslide debris fused during emplacement to create persistent
dams, which remain filling paleochannels adjacent to the modern river course,
demonstrating it was easier to carve into bedrock than remove the landslide dam. This is
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more a function of the river’s course and downstream base level rather than a preference
to carve into softer materials. Future work should focus on lava dam gravel heights
downstream to understand the potential of overprinting by a recent climate signal and
locating landslide dam sediment upstream. Improvements might be made to cosmogenic
burial ages by employing isochron and depth profile sampling and analysis.
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